A principal contributor to soil erosion and non-point source pollution, agricultural activities have a major influence on the environmental quality of a watershed. Impact of agricultural activities on the quality of water resources can be minimized by implementing suitable Best Management Practices (BMPs). The selection and design of these BMPs must be carried out by optimizing both technical and economical considerations. For example, a Vegetation Buffer Strip (VBS), one of the commonly used off-field structural BMPs, can significantly improve the water quality when it is designed and placed correctly. On the other hand, a VBS occupies a portion of the agricultural land that could have been used for crop production, and implementation/maintenance costs are involved. Currently, VBSs are designed (location, plant type, and width) based on field study results, and do not involve a science-based approach to ensure their efficiency under particular regional, climatic, geological and economical conditions. The present study proposes a new approach which integrates computational modeling of watershed processes, fluvial processes in the drainage network and modern heuristic optimization techniques to design cost effective VBSs. The watershed model AnnAGNPS and the channel network model CCHE1D are linked together to simulate the sediment/pollutant transport processes. Based on the computational results, a multi-objective function is set up to minimize soil losses, nutrient concentrations, and total costs associated with installation and maintenance of VBS, while the production profits from agriculture are maximized. The iterative optimization algorithm uses adaptive Tabu search heuristic to flip VBS design parameters. USDA's Goodwin Creek experimental watershed located in Northern Mississippi is used to demonstrate the capabilities of the proposed approach. The results show that the optimized design of VBS using an integrated approach at the watershed level can provide efficient and cost-effective conservation of the environmental quality by taking into account also productivity and profitability.
Introduction
Agricultural Non-Point Source (NPS) pollution, such as sediment, nutrients and pesticides contributed by farmlands, has long been recognized as a major concern for degrading surface and groundwater quality (Srivastava et al. 2002) . To mitigate NPS pollution, the U.S. Congress amended the federal Clean Water Act (CWA) in 1972 (CWA) in , 1977 (CWA) in and 1984 . As part of these governmental regulations, implementation of Best Management Practices (BMPs) emerged as one of the methods to control NPS pollution (Veith 2002 , Zhen 2004 . These BMPs range from structural measures, such as contours, terraces, stormwater detention basins, to nonstructural practices, e.g. conservation tillage, crop rotation and integrated management of pesticides.
One of the commonly used structural BMPs, a Vegetation Buffer Strip (VBS) is a band of resident perennial vegetation laid out along stream channels or water bodies. When designed and placed properly, a VBS reduces runoff velocities allowing sediment and other pollutants to settle. It thereby minimizes the sediment and nutrient loadings into surface waters. Nowadays, VBSs are receiving considerable attention. They not only adsorb pollutants, but also stabilize riverbanks and improve microclimate. Currently, field studies and numerical models are two useful approaches in evaluating NPS pollutant reduction by VBSs at a particular site over a period of time. Through monitoring or modeling, pollutant levels before and after BMP implementation can be compared to determine if the design parameters, i.e. width and location, are suitable or not (Gilliam 1994 , Lin et al. 2002 . However, an approach based entirely on the field scale results may not necessarily lead to an optimal VBS design. A system-based approach involving selection of the most suitable design from a pool of scenarios at the watershed scale is needed to guarantee the cost-benefit effectiveness of the solutions over a long time period.
The alternative approach proposed in this study integrates computational modeling and modern heuristic optimization techniques, and offers a new method of effective VBS design at the watershed scale. This approach uses an integrated watershed and channel network model to simulate sediment and pollutant transport processes. The calculated results are then used to set up a multi-objective function to simultaneously minimize soil losses, nutrient concentrations and the implementation/maintenance costs of VBSs, and to maximize the production profits from agriculture. The solution procedure involves the use of Tabu search heuristic to flip VBS design parameters. Application to a case study in USDA's Goodwin Creek watershed located in Northern Mississippi demonstrates that the optimized design of VBS using an integrated approach can provide cost-effective conservation of the environmental quality.
Watershed Model -AnnAGNPS
AnnAGNPS is a watershed simulation tool developed jointly by USDA-ARS and NRCS to aid in the evaluation of long term, hydrologic and water quality responses to agricultural management practices (Cronshey and Theurer 1998) . As a batch process, distributed parameter, continuous simulation model, it uses Revised Universal Soil Loss Equation (RUSLE) to simulate runoff and erosion, and also determines the pollutant loadings from land surfaces. In general, the pollutant loadings exist in two phases: dissolved (solution) in the surface runoff and attached (adsorbed) to clay size particles resulting from sheet and rill and from gully erosion carried into the stream system by the surface runoff. It is also designed to assist in determining BMPs, TMDLs, and for risk, cost and benefit analysis.
The effectiveness of buffer strips in trapping sediment/nutrient and reducing erosion/pollutant can be evaluated by setting a support practice factor P in AnnAGNPS model (Agricultural Handbook No 703, 1996) . By definition, the support practice factor P in RUSLE is computed as the ratio of soil loss with a specific support practice to the corresponding loss with upslope and downslope tillage. These practices affect erosion by modifying the flow pattern, grade, or direction of surface runoff, and by reducing the amount and rate of runoff. For cultivated land, the support practices include VBSs, contouring, strip-cropping, terracing and subsurface drainage.
Generally, values for P factors are obtained from experimental data, supplemented by analytical experiments involving scientific observations of known cause-and-effect relationships in physically based models (Agricultural Handbook No 703, 1996) . However, published experimental data alone is not sufficient for determining the PFactor values for a wide range of VBSs. The approach taken in RUSLE was to develop a simple erosion-deposition model based on fundamental erosion concepts. The value for P computed for several VBSs are listed in Table 14 and Table 6 -13 of Agricultural Handbook No 537 (1978) and 703 (1996) . In this research, a linear interpolation is used to define the P factors for VBS with width ratios 5% -30% of the slope length. As an example, for a VBS consisting of a permanent meadow strip, Table 1 shows the P factor values at different ratios of slope coverage below row crop. 
Channel Network Model -CCHE1D
CCHE1D is a general purpose one-dimensional channel network model developed by NCCHE at the University of Mississippi. It is integrated with AnnAGNPS to simulate flows and sedimentation processes in dendritic channel networks. The CCHE1D model can simulate fractional sediment transport, bed aggradation and degradation, bed material composition, bank erosion, and the resulting channel morphologic changes, and it overrides the simpler channel routing module of AnnAGNPS. The water quality module (Vieira 2004) can compute transport and fate of general pollutants, nutrient dynamics, and water temperature based on the loadings computed by AnnAGNPS. CCHE1D model has been extensively verified and validated. Wang et al. (2002) present some applications of the model.
Framework for Optimized VBS Design
The optimal design of VBSs at watershed scale requires minimizing or maximizing several objective functions simultaneously under a set of defined constraints, which may involve equality, inequality and variable bounds. Mathematically, this can be described as a vector optimization:
( 1) It is highly unlikely that a single combination of design parameters can maximize (or minimize) all the objective functions, )
, at the same time. Therefore, a trade-off between the objectives becomes necessary. Various methods have been proposed to solve such vector optimization problems. One of the commonly used methods is to combine these multiple objective functions into a single optimization function, ) (x F . This operation is not trivial, and can be quite challenging when the individual objective functions have different units and magnitudes (Veith 2002) . This difficulty can be overcome by nondimensionalizing objective functions, and by rescaling their magnitude to fit within a common range. The present research focuses on the VBS design in agricultural watersheds, for which two objective functions are defined: environmental score and economical score. The first objective function, p f , called environmental score, evaluates the sediment and pollutant concentration levels in the streams, which depend on the yields (water, sediment, pollutants, and nutrients) coming from the agricultural fields. The yields and the concentration levels should be calculated using appropriate simulation models. The second objective function, e f , called economical score, evaluates the net economical benefit based on the implementation and maintenance costs of VBSs, and the production benefits from agricultural activities. These are calculated based on the land use plan, the VBS implementation scenario, and the available economic data.
The multi-objective optimization framework developed for the present study is depicted in Figure 1 . This framework couples the watershed and channel network models, AnnAGNPS and CCHE1D respectively, and an economic module with an optimization module that uses multi-flip Tabu Search Algorithm. The search for the optimal solution follows an iterative procedure (Qi et al. 2005 ).
Multi-Objective Function and Constraints
The computational results from CCHE1D model, i.e., the sediment, pollutant and nutrient concentration values are used to define the environmental score. The environmental score for a single pollutant is calculated from: pb : baseline scenario loadings of pollutant i at site k at time t (with no VBS). By implementing a VBS, the pollutant is reduced from the baseline scenario; that is i p changes from 1 to 0.
In the case there are several pollutants of interest, an overall environmental score can be computed as a weighted average of the environmental scores of individual pollutants:
where: 1 0 < p f is the environmental score. The weighting factors i define the relative importance of each pollutant in the overall environmental score (
The economic module used to evaluate the cost/benefit ratios for trial VBS design scenarios considers both agricultural production cost/benefits and the VBS implementation/maintenance costs. It is calculated from: The multi-objective function is subject to two types of constraints, policy constraints and water quality regulations. Policy constraint given by Eq (6) requires that the total area for the land use type m should be equal to a target value, m T , defined in hectares for the entire watershed:
The water quality regulations require that the average annual pollutant loads at key sites should be less a maximum allowed value for that site, as in Eq (7):
where: k i L , and max ,k i L are the average and maximum allowed annual loads for pollutant i at key site k.
Solution Procedure Using Tabu Search Heuristic
Tabu search heuristic, which is a powerful tool for dealing with nonlinear and discrete optimization problems, is used for optimizing the multi-objective function. It guides a local search procedure to explore the solution space beyond local optimum (Glover and Manuel 1997) . The local search procedure here refers to a search that uses an operation called "move" to define the neighborhood of any given solution. In the VBS design case, this move can be interpreted, for example, as flipping (changing) VBS design variable l from 0 to say 5, which introduces a VBS in land l having width equal to 5% of the slope length. After this move, a new simulation is carried out and the objective function is reevaluated. Tabu search takes advantage of using adaptive memory to record this move, and implement a responsive exploration strategy to decide the next move. A dynamic tabu list is maintained to record all the successful moves to avoid going into loops, or so called local optimum. In addition, frequency based long term memory is also used to lead the search into new regions of the solution space. The whole procedure repeats in an iterative manner until an optimal or near optimal solution is found. It is important to note that the implemented optimization algorithm allows simultaneous multiple flips. Table 2 illustrates this multi-flip Tabu search algorithm designed to search for the optimized VBS design. Table 2 Multi-flip Tabu Search Algorithm for VBS Design
Step 1 Step 2 Step 3
Destruction Phase
Choose some nonzero l that is not on the tabu list, flip its value back to zero and obtain the objective function value Step 5
Stopping Criteria
If the stopping criteria are met, terminate the program and report the solution; otherwise, go back to step 3.
Case Study for Goodwin Creek Watershed in Mississippi
The multi-flip Tabu Search Algorithm developed in the present study is applied to a hypothetical VBS optimization study in the USDA Goodwin Creek experimental watershed. Located in the bluff hills of the Yazoo River basin in northern Mississippi, the Goodwin Creek Watershed has an area of 5,263 acre. It is instrumented for conducting extensive research on upland erosion, stream erosion and sedimentation, and watershed hydrology. Currently, the total area of the watershed is divided into agricultural exploitations (cotton and soybeans), pasture and forest (Vieira 2004 ).
Sixty-two agricultural fields were chosen as designated VBS implementation areas, and the remaining pasture and forest areas were left unchanged. For each field, there are seven options for VBS width, ranging from 0% to 30% of the slope length at increments of 5% (totally 7 62 possible scenarios). The simulation results were stored at four monitoring stations on the river. Figure 2 shows subwatersheds defined by AnnAGNPS, the channel network used by CCHE1D as well as the selected fields and monitoring stations.
Historical climate data for 1982 was used for simulations. Computational results from CCHE1D model at four key locations, including volumetric sediment yield (VSY), total organic nitrogen (TON) and total organic phosphorus (TOP) concentrations were used for evaluating the environmental score. The following parameters were used:
for TON and TOP. Table 3 shows the expected operational cost/returns for different crops. In Eq (4) the implementation/maintenance cost vbs C for VBS is set to 310 $/acre. 
Results and Discussion
The Tabu Search heuristic was programmed using Visual C++ 6.0, and the total computational time is around 14.15 hours on an AMD-Athlon XP 2000+ computer with 512 MB memory. It was observed that the search process rapidly converges to near optimal solutions. For the present case study, the optimum solution was achieved within 300 iterations. Figure 3 shows the best VSY, TON, TOP, environmental scores, economic score and the total objective function values for the watershed as Tabu Search tries to find an optimal VBS design scenario. As can be seen from Figure 3 , individual pollutant scores for VSY, TON and TOP, and the combined environmental score all decrease (20.56%, 3.15%, 3.33% and 17.10%, respectively) as Tabu search progresses in search of an optimal solution. However, the economic score also decreases 40.54% as VBS were introduced in the watershed. This is due to the fact that the current example does not involve any land-use change for improving the economic score. Figure 4 shows the final optimal VBS design for Goodwin Creek Watershed. 19 out of 62 fields remain unchanged after optimization procedure, and VBS occupy 19.90% of the total agricultural fields. These results indicate the best economic score to achieve a certain environmental score, and can be used for decision making purposes.
Figure 4 Optimized VBS Design for Goodwin Creek Watershed

Conclusion
An integrated framework for optimized VBS design at the watershed scale is developed by coupling watershed and channel network simulation models with an economical model and a heuristic search algorithm. This framework designs VBSs in a watershed by optimizing a multi-objective function to select the most suitable scenario from a large pool of possible solutions. Application of this new approach to the Goodwin Creek experimental watershed provides the decision maker with information to make tradeoffs between benefits and costs. By incorporating a more sophisticated economic model and by allowing land-use changes during optimization, this framework can be improved for use as a participatory decision making tool.
